Abstract. Activation energies G act for the nucleation of nitric acid dihydrate (NAD) in supercooled binary HNO 3 /H 2 O solution droplets were calculated from volume-based nucleation rate measurements using the AIDA (Aerosol, Interactions, and Dynamics in the Atmosphere) aerosol chamber of Forschungszentrum Karlsruhe. The experimental conditions covered temperatures T between 192 and 197 K, NAD saturation ratios S NAD between 7 and 10, and nitric acid molar fractions of the nucleating sub-micron sized droplets between 0.26 and 0.28. Based on classical nucleation theory, a new parameterisation for G act =A×(T ln S NAD ) −2 +B is fitted to the experimental data with A=2.5×10 6 kcal K 2 mol −1 and B=11.2−0.1(T −192) kcal mol −1 . A and B were chosen to also achieve good agreement with literature data of G act . The parameter A implies, for the temperature and composition range of our analysis, a mean interface tension σ sl =51 cal mol −1 cm −2 between the growing NAD germ and the supercooled solution. A slight temperature dependence of the diffusion activation energy is represented by the parameter B. Investigations with a detailed microphysical process model showed that literature formulations of volume-based (Salcedo et al., 2001 ) and surface-based (Tabazadeh et al., 2002) nucleation rates significantly overestimate NAD formation rates when applied to the conditions of our experiments.
Introduction
Polar stratospheric cloud (PSC) particles play a wellrecognized role in the Antarctic and Arctic stratospheric ozone loss because they act as micro-reactors for heterogeneous activation of halogen reservoir species (Peter, 1997; Solomon, 1999) . The main particle types in PSCs are (1) Correspondence to: O. Möhler (ottmar.moehler@imk.fzk.de) ternary solution droplets (STS) of water, sulphuric acid, and nitric acid, (2) ice particles, and (3) solid hydrates of nitric acid, either nitric acid dihydrate (NAD) or nitric acid trihydrate (NAT). The different PSC types were extensively investigated in remote sensing studies as well as in situ aircraft and balloon measurements. The equilibrium composition of STS particles can be calculated as function of temperature and relative humidity with well advanced thermodynamic models Clegg et al., 1998) . Approved and well developed concepts are also available to calculate, as function of temperature and molar composition, the formation rate of ice in STS particles at stratospheric conditions (Jensen et al., 1991; Koop et al., 2000) . Solid nitric acid particles are of particular importance for correctly assessing the efficiency of polar ozone loss. Compared to ice and STS, the nitric acid hydrates are thermodynamically more stable, i.e., exist at higher temperatures, grow to larger sizes than STS particles, and have the potential for vertical transport of nitric acid which affects the ozone depletion chemistry (Waibel et al., 1999) .
Despite their importance for polar ozone loss, knowledge of formation pathways and exact compositions of nitric acid hydrate particles in the polar stratosphere is still fragmentary. While recent field studies give direct evidence that NAT exists in PSCs (Voigt et al., 2000; Fahey et al., 2001; Brooks et al., 2003; Deshler et al., 2003; Voigt et al., 2005) , laboratory investigations revealed the metastable NAD to nucleate in STS and binary water/nitric acid droplets at stratospheric temperatures (Disselkamp et al., 1996; Prenni et al., 1998; Bertram and Sloan, 1998a; Bertram et al., 2000; Salcedo et al., 2000 Salcedo et al., , 2001 Knopf et al., 2002; Stetzer et al., 2006) . Tizek et al. (2002) identified two metastable forms of the dihydrate, α-NAD and β-NAD, after annealing amorphous nitric acid samples of variable molar composition. The less stable phase α-NAD preferentially nucleated at lower temperatures and nitric acid molar ratios less than 0.3.
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The direct crystallisation to NAT was in some studies only observed at temperatures below 180 K and saturation ratios of gas-phase nitric acid with respect to NAT larger than 45 (Bertram and Sloan, 1998b; Salcedo et al., 2001) . Such low temperatures and high saturation ratios are not reached in synoptic-scale PSCs. Therefore, the contribution of homogeneous nucleation to the direct formation of NAT particles in PSCs is difficult to assess from the available laboratory studies.
Up to now it is not clear whether NAT or NAD particles can directly be formed by homogeneous nucleation of supercooled STS droplets in the polar stratosphere. Irie and Kondo (2003) explained observations of PSC formation and denitrification in the Arctic winter 1996/1997 by process model studies along back-trajectories assuming either homogeneous NAD nucleation followed by conversion to NAT particles or direct nucleation of NAT. Drdla and Browell (2004) concluded from a microphysical modelling study of the Arctic winter 1999-2000 that homogeneous NAD and NAT nucleation are not sufficient to explain the observed solid phase PSC formation and denitrification. Alternatively it was suggested that nitric acid hydrates may nucleate on ice particles formed in mountain-wave PSCs Voigt et al., 2003) . Remote sensing measurements with the MIPAS instrument on Envisat (Höpfner et al., 2006) showed that mountain wave activity with ice cloud formation triggered the formation of NAT clouds in the Antarctic winter 2003. Luo et al. (2003) suggested extremely high NAT supersturations in mountain wave PSCs to induce NAT nucleation. Other studies argue that NAT particles may nucleate directly from STS clouds without mountain-wave activity and ice cloud formation in advance (Irie et al., 2004; Larsen et al., 2004) or speculate that nitric acid hydrates form heterogeneously on solid nuclei (Voigt et al., 2005) originating from e.g. meteor ablation .
For the quantitative evaluation of homogeneous nucleation the classical nucleation theory provides a relation between the nucleation rate and the activation energy which controls the rate of stable solid germs to form and grow in the supercooled liquid. Salcedo et al. (2001) calculated activation energies from various data sets of NAD and NAT nucleation rates and suggested a linear equation to approximate the activation energy for NAD and NAT nucleation as function of the respective saturation ratios. These linear fits also considered data from cooled flow tube studies (Bertram and Sloan, 1998a,b) but disregarded data sets from earlier settling chamber studies (Disselkamp et al., 1996; Prenni et al., 1998) which disagreed to the linear relation. Tabazadeh et al. (2002) re-analysed all available literature data sets for NAD and NAT nucleation rates which have been measured for solution droplets of different size and surface-to-volume ratio, and obtained better agreement between the nucleation rates if the crystallisation of the solid hydrate was formulated as a surface induced process. Based on this result, Tabazadeh et al. (2002) suggested another linear approximation for the activation energy of the surface induced crystallisation as function of the temperature and the nitric acid molar fraction of the nucleating solution droplets.
The linear approximations for the activation energy of volume-based NAT and NAD nucleation (Salcedo et al., 2001) were in some studies extrapolated to stratospheric conditions in order to explain field observations of PSCs (Tabazadeh et al., 2001; Irie and Kondo, 2003) . Knopf et al. (2002) measured lower limits for the activation energies of NAD and NAT nucleation and argued that linear equations as function of the saturation ratio are not appropriate to estimate the activation energy of nitric acid hydrate formation especially if they need to be extrapolated to conditions prevailing in PSCs. This caused a controversial debate about the interpretation of laboratory studies of homogeneous NAD and NAT nucleation rates and their interpretation as a volume or surface induced effect (see , and respective interactive discussion). In recent modelling studies, the surface-based nucleation rates suggested by Tabazadeh et al. (2002) had to be reduced by significant factors in order to match observations (Irie et al., 2004; Larsen et al., 2004; Höpfner et al., 2006) .
In three simulation experiments at the AIDA (Aerosol Interaction and Dynamics in the Atmosphere) facility of Forschungszentrum Karlsruhe we measured nucleation rates for the formation of NAD in nitric acid solution droplets. The experimental methods and results are discussed in a companion paper by Stetzer et al. (2006) . Wagner et al. (2005) analysed series of FTIR spectra from these experiments which clearly show α−NAD as the predominant phase to nucleate and grow at the conditions in the AIDA aerosol chamber. In the present paper we will discuss the activation energy for NAD nucleation which was calculated from the measured nucleation rates. A new parameterisation to calculate the activation energy as function of temperature and the NAD saturation ratio is fitted to our data and compared to various literature data sets of nucleation rates and activation energies for NAD nucleation. The experimental data are also compared to results of a numerical model which includes detailed schemes of thermodynamic and microphysical processes and also considers specific wall boundary conditions of the aerosol chamber experiments. The process model study allows direct comparison of our parameterisation for activation energies of NAD nucleation with the linear approximations suggested by Salcedo et al. (2001) and Tabazadeh et al. (2002) .
Experimental results
Methods and results of NAD nucleation rate measurements in the AIDA aerosol chamber are discussed in detail in a companion paper by Stetzer et al. (2006) and are briefly summarized here. The basic experimental approach was 3 ) of the chamber at the beginning of an experiment, reached a composition in equilibrium with the surrounding gas-phase within a few minutes. While part of the gas-phase water and nitric acid was steadily deposited to the cold chamber walls made of aluminium, the slowly evaporating liquid aerosol particles served as a reservoir to maintain, over a time period of up to 5 h, a nitric acid concentration close to the saturation pressure with respect to the liquid aerosol. Because water and nitric acid are deposited to the wall at different rates, the relative humidity steadily decreased and therefore the nitric acid concentration in the binary solution droplets increased during the course of an experiment. Consequently, the nitric acid vapour pressure and the saturation ratio with respect to the solid nitric acid hydrates also increased. The saturation ratios ranged between 3 and 10 with respect to nitric acid dihydrate (NAD) and between 18 and 26 with respect to nitric acid trihydrate (NAT). These values are at least partly overlapping with the stratospheric range of NAD and NAT saturation ratios.
Three simulation experiments (E1, E2, E3) were carried out at gas temperatures T g between 192.1 and 197.1 K and pressures p g between 163.5 hPa and 180.0 hPa (see Table 1 ). During each experiment, the volume and surface nucleation rates of NAD particles, J v and J s , were calculated from the increase rate of the NAD particle number concentration and the respective aerosol volume and surface concentrations (see Stetzer et al., 2006, for details) . Only lower limits where obtained during experiment E2. The NAD particles were detected with an optical particle counter (OPC). Because of the very low formation rates we had to average the OPC data over time periods of about 15 min in order to minimize counting errors. Therefore we obtained only two nucleation rate data points for each experiment. For E1 and E2 nitric acid mass concentrations and weight fractions of the liquid aerosol given in Table 1 were retrieved from in situ FTIR extinction spectra as described by Wagner et al. (2003) . For E3, no reliable FTIR data was obtained during the nucleation of NAD particles. The composition of the liquid particles was therefore calculated with the aerosol inorganics model AIM Clegg et al., 1998) which is available via the world wide web (http://mae.ucdavis.edu/wexler/aim), using the measured T g and relative humidity as input parameters. Assuming saturated gas-phase conditions with respect to the liquid phase, the NAD saturation ratio S NAD was calculated with the same model.
As mentioned above, the number concentration of solid NAD particles formed by homogeneous nucleation of the binary solution droplets was measured with an optical particle counter. The solid hydrate particles could be distinguished from the small solution droplets because they grew to larger sizes by nitric acid vapour diffusion from the evaporating liquid particles to the solid-phase particles. Two thermodynamically metastable phases of nitric acid dihydrate, α-NAD and β-NAD, were identified in previous studies (Tizek et al., 2002) . The formation of the less stable phase α-NAD is favoured because of the lower activation barrier, according to Ostwald's step rule. During E1, the analysis of FTIR spectra clearly revealed α-NAD as the dominant phase nucleating in our experiments (Stetzer et al., 2006) . A detailed analysis of the same spectra by Wagner et al. (2005) showed that the shape of the NAD particles which grew by vapour deposition over a time period of about one hour may be approximated by oblate spheroids with aspect ratios larger than 5.
In a companion paper, Stetzer et al. (2006) discuss the AIDA results in comparison with literature data sets assuming the critical germ to form either in the volume or near the surface of the supercooled liquid particles. The latter was suggested by Tabazadeh et al. (2002) who argued that better agreement between the different data sets was achieved by describing the nucleation as a surface-induced effect. Table 1 lists the NAD volume nucleation rates J v which were determined from the AIDA experiments. For E2 only upper limits of the nucleation rates were obtained because only a small number of solid particles were formed during this experiment. It can be seen from the data listed in Table 1 that in the AIDA experiments NAD nucleation rates were measured for binary HNO 3 /H 2 O droplets with nitric acid molar fraction between 0.26 and 0.28 at 192 K <T g <197 K and 7<S NAD <10. The estimated uncertainties are ±70% for the nucleation rates and ±10% for S NAD . The resulting uncertainty range for the activation energy G act,v is +0.5 to −0.3 kcal mol −1 . The activation enregy will be discussed in the following sections.
where n liq is the number density of the nucleating species in the fluid (in our case the number density of NO − 3 in the aqueous phase), k, h, and R are the Boltzmann constant, Planck constant, and universal gas constant, respectively, and G act,v is the nucleation activation energy related to the formation and growth of stable nuclei in the fluid volume. Equation (1) can be solved for
to calculate the activation energy from measured nucleation rates. The filled circles in Fig. 1 show G act,v for the nucleation of NAD in HNO 3 /H 2 O solution droplets measured in AIDA experiments (see Table 1 ). The literature data sets also shown in Fig. 1 are taken from the nucleation rate measurements of (1) small droplets in an aerosol settling chamber (Disselkamp et al., 1996; Prenni et al., 1998) and an aerosol flow tube system (Bertram and Sloan, 1998a; Bertram et al., 2000) , both with FITR detection for the transition from the liquid to the solid phase, and of (2) larger droplets deposited on cooled substrates with freezing detection by optical microscopy (Salcedo et al., 2000 (Salcedo et al., , 2001 and Raman microscopy (Knopf et al., 2002) . G act,v is plotted as function of the NAD saturation ratios, S NAD , which were, if not explicitly mentioned in the respective literature, calculated from the known composition of the nitric acid solutions and the temperature using the AIM thermodynamic model Clegg et al., 1998) .
The dashed line in Fig. 1 indicates the linear fit suggested by Salcedo et al. (2001) to approximate the NAD activation energy, and thereby the nucleation rates, as function of S NAD . This fit is based on their own data and the data by Bertram and Sloan (1998a) which was measured at 10<S NAD <33. Salcedo et al. (2001) noted that the linear relationship should not be extrapolated and applied to S NAD beyond the range of their experimental data. In the same work Salcedo et al. (2001) suggest another linear fit for the activation energy of NAT nucleation as function of the NAT saturation ratio in the range 50<S NAT <110 which relies on their own data set and measurements of NAT nucleation in a flow tube cooled to temperatures below 167.2 K (Bertram and Sloan, 1998b) . The earlier settling chamber measurements (Disselkamp et al., 1996; Prenni et al., 1998) have been disregarded by Salcedo et al. (2001) . As already mentioned in the introduction, Tabazadeh et al. (2002) argued that better agreement between all available data sets on NAD nucleation is achieved assuming surface instead of volume induced crystallisation of the solid hydrate. From this assumption linear relationships for the activation energy of NAT and NAD surface nucleation were derived as function of temperature and the nitric acid molar fraction in the supercooled liquid particles.
However, a problem of applying these linear relations to calculate NAD and NAT nucleation rates in stratospheric models arises from the fact that in regions of polar stratospheric cloud formation NAD saturations are typically less than about 8 and NAT saturations are less than about 30. This is well below the range of saturation ratios achieved so far in laboratory experiments. Linear extrapolations of G act to stratospheric saturation ratios are physically unreasonable as the activation energy should approach infinity, corresponding to a zero nucleation rate if the saturation ratio approaches one. As already discussed by Knopf et al. (2002) , this linear extrapolation may lead to unrealistically high nucleation rates. In Sect. 5 we will discuss in detail how our experimental data sets compare to the results of a process model which makes use of the linear equations by Salcedo et al. (2001) and Tabazadeh et al. (2002) to calculate the NAD formation rate as function of the thermodynamic properties of the liquid aerosol particles. The process model will be described in Sect. 4.
The increasing slope of G act,v with decreasing S NAD is obvious from the laboratory data summarized in Fig. 1 Lower limits dependence on S NAD than the fit suggested by Salcedo et al. (2001) for 10<S NAD <30 which is indicated by the dashed line. This steeper slope at S NAD <10 is also indicated by the data from Prenni et al. (1998) , which where disregarded in the analysis by Salcedo et al. (2001) , and the lower limits from the work by Knopf et al. (2002) . Based on our own results and the available literature data which were measured at different temperatures, we suggest a new parameterisation of G act,v as function of S NAD and the temperature. This parameterisation is based on classical nucleation theory where the nucleation activation energy is given by the sum of the free energy for the formation of the critical germs, G germ , and the so-called diffusion activation energy G diff :
The latter accounts for the fact that, in our case, nitric acid molecules need to diffuse across the boundary between the supercooled solution and the solid NAD germ. The first term can be expressed as function of S NAD , T , the interfacial tension σ sl between the solid and liquid phase, and the molar volume ν s of the growing NAD germs:
Equations (3) and (4) can be simplified to
which was used to fit the laboratory data shown in Fig. 1 . The solid lines in Fig. 1 show results of Eq. (5) 
and
with the temperature given in K. Tisdale et al. (1997) have interpolated own measurements of the diffusion activation energy for NAD crystallisation at temperatures below 180 K to data from viscosity measurements at temperatures above 180 K. This fit shows the diffusion activation energy to increase from about 9.6 kcal mol −1 at 199 K to about 13 kcal mol −1 at 190 K. Our empirical fit for G act,v suggests G diff to increase from 10.4 kcal mol −1 to 11.4 kcal mol −1 in the same temperature range. Regarding the difficulties and uncertainties for retrieving such quantities, both results are in good agreement, however, our approach indicates a smaller temperature dependence of the diffusion activation energy.
The interfacial tension σ sl between the solid NAD and the liquid phase, especially its temperature dependence, is only poorly understood. We have therefore, as a first order estimate, assumed the parameter A in Eq. (5) to be constant. This implies a constant interfacial tension of 51 kcal mol −1 cm −2 which was calculated from Eq. (6) with a molar volume of 66 cm 3 mol −1 for the NAD germ. This value is about twice as large as the interfacial tension of about 25 kcal mol −1 cm −2 derived by Prenni et al. (1998) but compares well to a value of 44.5 kcal mol −1 cm −2 derived from the so-called Turnbull expression at 200 K (Turnbull, 1950) .
The activation energy curves in Fig. 1 comprise all laboratory data sets which have been measured in the same temperature range. Figure 2 shows the difference between the measured activation energies and G act,par calculated for the temperature of any data point. It can be seen that the parameterisation agrees within ±0.5 kcal mol −1 to the G act,v measured in our experiments. Agreement within about ±1.0 kcal mol −1 is achieved to the data sets for 64 wt.% nitric acid solutions by Prenni et al. (1998) , most of the data by Bertram and Sloan (1998a) and Bertram et al. (2000) , and the data sets for 54 wt.% nitric acid solutions by Salcedo et al. (2001) . All other data sets by Salcedo et al. (2001) show activation energies more than 1 kcal mol −1 above G act,par . Especially the low S NAD data from Prenni et al. (1998) and Disselkamp et al. (1996) are about 2 kcal mol −1 below G act,par . A change of 1 kcal mol −1 corresponds to a change in the nucleation rate by about one order of magnitude (see Eq. 1). Therefore we conclude that most of the literature data for NAD nucleation rates agrees within about two orders of magnitude with the parameterisation suggested in Eqs. (5) to (7). Part of the measurements by Salcedo et al. (2001) deviate by more than two orders of magnitude.
Model description
The analysis of phase changes in supercooled solution droplets requires a detailed description of the droplets themselves which, in the case of the present studies, are subjected to varying temperature, pressure, and partial pressure of the condensable trace gases. Based on equations describing the growth kinetics of particles depending on the saturation levels of the condensing (or evaporating) trace gases, a model was developed to calculate the time-dependent size and composition of the particles. Since the mass growth rate is proportional to the difference between the partial pressure of the condensing gas and the vapour pressure over the particle surface, the necessary vapour pressures have to be known as a function of particle composition and temperature. The model uses the parameterisation given by Luo et al. (1995) which correlates the vapour pressures of H 2 O, HNO 3 , HCl, and HBr to the mass fractions of these compounds and of H 2 SO 4 in the particles. In the present study only H 2 O and HNO 3 had to be considered as constituents. The kinetic prefactor of the growth equation includes dependencies on the particle diameter, gas pressure, diffusivity of the condensing gas, and the accommodation coefficient (assumed to be unity in our calculations). Details of the model were already discussed by Bunz and Dlugi (1991) .
The important partial pressures of the condensable gases are calculated on the basis of a detailed balancing taking into account the initial conditions, wall deposition, and condensation to or evaporation from the particles. In the present study the process model application mainly aimed at comparing the different formulations for NAD nucleation to the measured formation rates. These formation rates critically depend on the temperature and the composition of the liquid aerosol to nucleate. To minimize systematic uncertainties, the model was enforced to follow the measured time profiles of pressure, temperature, as well as the nitric acid mass concentration and mass fraction of the liquid aerosol particles retrieved from the FTIR spectra. For E3 FTIR measurements were available only during the first 15 min after the aerosol addition was finished. For this experiment the model used the relative humidity to calculate the composition of the liquid aerosol particles. The relative humidity was calculated form the water vapour pressure measured with the TDL spectrometer and the water saturation pressure with respect to the gas temperature.
Constraining the model to the measured data sets evaded uncertainties concerning the wall deposition rates of the trace gases. Therefore, the composition of the particles is known at any time of the calculation and the activities of the different components (water and nitric acid in our case) can be calculated on the basis of the composition dependent vapour pressures for the particle phase. It should be mentioned that uncertainties exist concerning the vapour pressures of H 2 O and HNO 3 over solutions at low temperatures and that results of the different models (Luo et al., 1995; Clegg et al., 1998) differ by up to 20%. The NAD and NAT saturation ratios calculated from these data may be uncertain by the same amount.
The activities in the particle phase are the basis for the calculation of the nucleation rates. The probability for the phase transition of a specific droplet is proportional to the so-called nucleation rate J times either the volume or the surface of the droplet depending on the formulation of J as a volumebased rate J v (in units cm −3 s −1 ) or a surface-based rate J s (in units cm −2 s −1 ), respectively. In both cases the nucleation rate is determined by the exponent of the activation energy times a kinetic pre-factor (see Eq. 1 for the volume rate). These terms can either be determined by theoretical considerations or by evaluation of laboratory experiments. For calculating the formation rate of NAD particles in the model, three different formulations for the activation energy of NAD nucleation have been implemented, namely (1) the linear fit of G act,v as function of the NAD saturation ratio S NAD (Salcedo et al., 2001 ), hereafter termed model run Sal01, (2) the linear expression for calculating the activation energy of the surface-induced NAD nucleation as function of the temperature and liquid particle composition (Tabazadeh et al., 2002) , hereafter termed model run Tab02, and (3) the new parameterisation for calculating G act,v as function of temperature and S NAD (Eqs. 5 to 7), hereafter termed model run Moe06.
At the beginning of the three experiments the NAD saturation ratio and nitric acid mass fraction passed through values slightly below the minimum values of previous laboratory studies (see Stetzer et al., 2006 , and discussion in Sect. 5). As discussed above, linear equations for activation energies and especially extrapolations to lower saturation ratios or more dilute solution particles are unreasonable from a theoretical point of view. Nevertheless, in lack of other concepts and for comparison with our new parameterisation, we rigorously applied, for the model runs Sal01 and Tab02, the linear equations to the whole range of thermodynamic conditions and particle compositions of our simulation experiments. This gives at least an estimate of how these formulations apply to the conditions of our experiments which, in contrast to previous laboratory studies, more closely simulate PSC conditions. Another motivation for this approach was to directly apply and test, for small nitric acid solution droplets, the concept of surface-induced NAD nucleation in comparison to the volume nucleation rate. Comparisons between the model and experimental results are presented in the following sections. Figures 3, 4 , and 5 show model results together with experimental data for experiments E1, E2, and E3, respectively. The time is given in hours relative to a reference time for each experiment which is defined as the start time of adding binary nitric acid solution droplets to the aerosol vessel. Panel (a) shows the saturation ratios of the solid phases NAT, NAD, and ice which were calculated with the model assuming saturated conditions between the gas phase and the supercooled liquid aerosol droplets. It can be seen that in all three experiments the aerosol was subsaturated with respect to the ice phase but highly supersaturated with respect to the nitric acid hydrates. The horizontal lines in panels (a) indicate the lower limits of the range of saturation ratios which was covered by the data sets used for the evaluation of NAD and NAT activation energies by Salcedo et al. (2001) . Only during E1, S NAD exceeded a value of 10 which is the lower limit for the NAD case. During E2 and E3 the maximum S NAD was about 7 and 8, respectively. While the relative humidity decreases with time, the NAD and NAT saturation ratios increase which is mainly due to wall deposition of water and nitric acid at different rates. Because the binary liquid particles are almost in equilibrium with the ambient conditions, the nitric acid mass fraction in the liquid droplets (panel b) also increases with time from about 0.45 at the beginning of the experiment to about 0.57 when NAD nucleation was observed. This corresponds to an increase of the nitric acid molar fraction from 0.189 to 0.274 and a decrease of the water to nitric acid molar ratio from 4.3 to 2.65. The empirical linear fit of activation energies for the surface induced nucleation of NAD by Tabazadeh et al. (2002) relies on data sets with nitric acid molar fractions of the liquid aerosol from 0.246 to 0.333 which corresponds to nitric acid weight fractions between 0.533 and 0.636. These values are indicated in panel (b) as horizontal dashed lines. Panels (c) of Figs. 3 to 5 show the modelled evolution of the nitric acid mass concentration in the binary liquid (blue lines) and the NAD phases (pink lines). The results for the model runs Tab02, Sal01, and Moe06 are plotted as dotted, dashed, and solid lines, respectively. Nitric acid mass concentrations from FTIR extinction spectra (squares) and ionchromatographic analysis of nylon filter samples (triangles) are also shown (see Stetzer et al., 2006 , for a discussion of the measured data). A comparison of modelled and measured number concentration of NAD particles is depicted in panels (d). It can clearly be seen, both from panels (c) and (d) , that the model results are significantly different for the different parameterisations (see Sect. 4).
Model results
With the assumption of surface induced nucleation by Tabazadeh et al. (2002) NAD particles emerge by far too early compared to the observations. Furthermore, this formulation predicts NAD particle concentrations which are orders of magnitude larger than the ones measured, especially for experiments E2 and E3. Note that during E2 only few NAD particles were detected. From the detection limit of the optical particle counter we derive an upper limit of 0.1 cm −3 for the NAD number concentration. The model runs Sal01 also tend to overestimate the nucleation rates at lower S NAD which also results in early NAD formation. This is an artefact of the linear extrapolation to S NAD <10 especially during E2 and E3. Only the model runs Moe06 which use the formulation of NAD nucleation discussed in Sect. 3 are in good agreement with the experimental results for all experiments E1, E2, and E3.
Volume versus surface induced NAD nucleation
Recently, there was some debate in the literature whether homogeneous nucleation in supercoooled nitric acid solutions is initiated on the surface or in the overall volume of small nitric acid droplets in the atmosphere (Knopf et al., 2002; Tabazadeh et al., 2002; . argued that nucleation measurements in large droplets like those by Knopf et al. (2002) are not sensitive to the surface-induced nucleation which may dominate in micronsized droplets with a large surface-to-volume ratio. We have measured nucleation rates of NAD formation of supercooled nitric acid solution droplets with diameters less than 1 µm. The comparison of experimental and process model results (see Figs. 3 to 5) clearly shows that the linear fit of the activation energy for surface induced NAD nucleation as function of temperature and nitric acid molar fraction suggested by Tabazadeh et al. (2002) disagrees to our results. This is also supported by tration in red. Note the different scales for the colour scheme in the different panels. It can be seen from both the onset time for the formation of larger NAD particles and the complete evaporation of the mode of smaller liquid particles with diameters less than about 1 µm that the model run Tab02 clearly overestimates the formation rates of NAD particles. Larsen et al. (2004) also concluded from back-trajectory process model studies of in situ measurements in the Arctic stratosphere in early December 2002 that the parameterisation by Tabazadeh et al. (2002) overestimates the formation rate of solid nitric acid particles. The model runs Sal01 for E1 to E3 also show early NAD nucleation onset compared to the experimental data. This corresponds to an overestimation of the nucleation rate or an underestimation of the respective activation energy for S NAD <10 which can at least partly be explained by the extrapolation of the linear equation suggested by Salcedo et al. (2001) . In microphysical process model studies of the 
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1000. 1999-2000 Arctic winter, Drdla and Browell (2004) used a parameterisation of the activation energy for NAD nucleation according to Eqs. (3) and (4) in order to calculate the nucleation rates at synoptic-scale stratospheric PSC conditions. This parameterisation assumed a constant interfacial tension σ sl between the solid NAD germ and the supercooled nitric acid solution and a diffusion activation energy of G diff =0. The interfacial tension was adjusted for the parametrisation used in the model runs to roughly fit the data sets from Salcedo et al. (2001) . However, this parameterisation yields activation energies to increase from about 30 to 35 kcal mol −1 at NAD saturations decreasing from 10 to 8 (see Fig. 5 in Drdla and Browell, 2004) . These values are by more than 5 kcal mol −1 larger than our experimental data measured in the same range of saturation ratios. From that we conclude that the parameterisation by Drdla and Browell (2004) underestimates the homogeneous nucleation of NAD by at least 5 orders of magnitude for S NAD <10 and should therefore not be used in stratospheric models. Because the formulation for NAT and NAD nucleation by Drdla and Browell (2004) rely on similar assumptions, the NAT nucleation rates may also be underestimated for NAT saturation ratios below about 50. The parameterisation given in Eqs. (5) to (7) also assumes a constant interfacial tension but, in contrast to Drdla and Browell (2004) , requires a slightly temperature dependent diffusion activation energy to achieve reasonable agreement to all laboratory data sets of NAD nucleation rates. The fit was empirically adjusted to obtain agreement within less than an order of magnitude to the NAD nucleation rates measured in our simulation experiments (Stetzer et al., 2006) at 192 K <T g <197 K and 7<S NAD <10. As discussed in Sect. 3, the same parameterisation agrees within two orders of magnitude with most of the laboratory data of NAD nucleation rates measured at 173 K<T g <204 K and 8<S NAD <29. If extrapolated to temperatures and saturation ratios beyond the given ranges, larger deviations may occur e.g. if there is a significant dependence of σ sl on temperature at these conditions.
Conclusions
In this paper we discussed the activation energies G act for NAD nucleation in supercooled binary HNO 3 /H 2 O solutions droplets of different molar composition and temperature. The activation energies were calculated from nucleation rates measured in AIDA experiments (Stetzer et al., 2006) or taken from the literature (Disselkamp et al., 1996; Prenni et al., 1998; Bertram and Sloan, 1998a; Bertram et al., 2000; Salcedo et al., 2000 Salcedo et al., , 2001 Knopf et al., 2002) . A new formulation of the activation energy G act,par for the volume-based NAD nucleation as function of temperature and the saturation ratio S NAD of nitric acid with respect to the solid NAD phase was fitted to the AIDA results. This formulation is also in reasonable agreement with most literature data of G act,v . According to classical nucleation theory, this approach accounts for the fact that G act should steeply increase for S NAD approaching 1. In lack of reliable data for the interface tension σ sl between the growing NAD germ and the supercooled solution, we empirically fitted G act,par to the laboratory data sets and obtained a mean value σ sl =51 cal mol −1 cm −2 as the best estimate. Because the interface energy normally decreases with decreasing temperature, this approach tends to overestimate the activation energy and therefore to underestimate the nucleation rate at lower S NAD . A linear temperature dependence of the diffusion activation energy is obtained with 11.4 kcal mol −1 at 190 K and 10.4 kcal mol −1 at 200 K.
A process model was applied to compare the formulation of NAD nucleation activation energies suggested in the present work to the linear equation for G act,v as function of S NAD (Salcedo et al., 2001 ) and the linear fit of G act,s for the surface-induced NAD nucleation as function of the temperature and the nitric acid content of the nucleating solution droplets (Tabazadeh et al., 2002) . Comparison of the model runs with the experimental results clearly revealed the formulation by Tabazadeh et al. (2002) to overestimate the NAD nucleation rates measured in our experiments at temperatures between 192 and 197 K, NAD saturation ratios between 7 and 10, and nucleating HNO 3 /H 2 O droplets with diameters less than 1 µm. Disagreement was also observed to the formulation by Salcedo et al. (2001) even for S NAD close to 10 which was the lower limit for the data considered by Salcedo et al. (2001) for the linear fit to the activation energy as function of S NAD .
The steep dependence of G act,v on S NAD measured between 7 and 10 could be approximated by the empirical fit suggested in Eqs. (5) to (7) of the present study. This formulation also agrees to the lower limits of G act,v measured by Knopf et al. (2002) . Both key parameters for assessing NAD nucleation rates, S NAD and T , are highly variable in the polar winter stratosphere. In a recent paper, NAD and NAT pseudo-heterogeneous nucleation rates where estimated for a stratospheric pressure of 50 hPa and volume mixing ratios of 5 ppm, 10 ppb, and 0.5 ppb for H 2 O, HNO 3 , and H 2 SO 4 , respectively (Knopf, 2006) . At these conditions, the aqueous sulphuric acid particles take up significant amounts of nitric acid at temperatures below about 192 K. Assuming equilibrium composition of the ternary solution particles as a function of the ambient temperature, S NAD reaches a maximum value of about 4.2 at a temperature of 191 K. For these conditions, the parameterisation given in Eqs. (5) to (7) results in an activation energy of 33.3 kcal/mol and a respective volume-based nucleation rate of 4×10 −17 cm −3 s −1 . For a total aerosol volume of 1 µm 3 cm −3 we obtain a NAD formation rate per unit time and air volume of about 1×10 −25 cm −3 h −1 . This is by far too low to explain large particles observed in the polar stratosphere with number concentrations in the range 10 −4 cm −3 to 10 −3 cm −3 and interpreted as NAD or NAT (Fahey et al., 2001; Brooks et al., 2003; Larsen et al., 2004; Voigt et al., 2005 ). The formation rates should, as a rough estimate, be larger than 10 −6 cm −3 h −1 in order to yield the observed number concentrations within a few days.
The conditions taken for the estimate above are certainly not representative for the entire stratospheric polar vortex. In particular at lower temperatures, pressures, and humidities, S NAD can be markedly larger than 4. With the parameterisation suggested in the present paper, NAD formation rates of 10 −6 cm −3 h −1 are reached for saturation ratios of about 8 and 9 at temperatures of 190 and 185 K, respectively. From that we conclude, that homogeneous NAD nucleation can only play a role in the formation of polar stratospheric clouds if S NAD approaches or exceeds these values. The actual values of S NAD throughout the polar vortex are not easy to assess because they depend on quite uncertain parameters like relative humidity with respect to water, water activities, or saturation pressures at very low temperatures. Furthermore, the actual temperature and composition of the ternary solution droplets need to be known. A thorough assessment of the potential role of homogeneous NAD nucleation for PSC formation on the basis of Eqs. (5) to (7) would require a detailed modelling analysis which is beyond the scope of the present paper.
In a companion paper, Stetzer et al. (2006) discuss the nucleation rate data from the AIDA simulation experiments in more detail and already show that better agreement to most literature data is obtained if the NAD nucleation is formulated as a volume-based rather than a surface-based process. It should be noted that the present work only uses nucleation rate measurements for binary HNO 3 /H 2 O solution particles. In case of applying the same formulations to calculate NAD nucleation rates in ternary solution droplets of water, sulphuric acid, and nitric acid which exist in PSCs, it should be kept in mind that the sulphuric acid content may possibly change the NAD nucleation rates. More laboratory studies of NAD and NAT nucleation in STS solution droplets at relevant PSC conditions are certainly needed to provide a more reliable data base for the quantitative formulation of homogeneous nitric acid hydrate formation rates in the polar stratosphere.
